Although the associations of p53 dysfunction, p53 interaction networks and oncogenesis have been widely explored, a systematic analysis of TP53 mutations and its related interaction networks in various types of human cancers is lacking. Our study explored the associations of TP53 mutations, gene expression, clinical outcomes, and TP53 interaction networks across 33 cancer types using data from The Cancer Genome Atlas (TCGA). We show that TP53 is the most frequently mutated gene in a number of cancers, and its mutations appear to be early events in cancer initiation. We identified genes potentially repressed by p53, and genes whose expression correlates significantly with TP53 expression. These gene products may be especially important nodes in p53 interaction networks in human cancers. This study shows that while TP53-truncating mutations often result in decreased TP53 expression, other non-truncating TP53 mutations result in increased TP53 expression in some cancers. Survival analyses in a number of cancers show that patients with TP53 mutations are more likely to have worse prognoses than TP53-wildtype patients, and that elevated TP53 expression often leads to poor clinical outcomes. We identified a set of candidate synthetic lethal (SL) genes for TP53, and validated some of these SL interactions using data from the Cancer Cell Line Project. These predicted SL genes are promising candidates for experimental validation and the development of personalized therapeutics for patients with TP53-mutated cancers.
INTRODUCTION
TP53 mutations and dysfunction occur in more than half of all human cancer cases [1] , and are independent markers of poor prognoses in some cancers [2] . In addition to mutations in TP53 itself, mutations in p53 pathway genes are significantly enriched in cancer [3] . Thus, the study of the p53 pathway and its interaction networks is a promising source of insight for discovering therapeutic targets for TP53-mutated cancers [4] . Although the associations of p53 dysfunction, p53 interaction networks, and oncogenesis have been widely explored [5] , a systematic analysis of TP53 mutations and the related interaction networks in various types of human cancers is lacking. The Cancer Genome Atlas (TCGA) datasets cover 33 different cancer types and more than 10,000 cancer cases in total (https:// gdc-portal.nci.nih.gov/). Each TCGA cancer type contains different types of "omics" data, including: whole exome (genome) sequencing; genomic DNA copy number arrays; DNA methylation; mRNA expression array and RNASeq data; microRNA sequencing; reverse-phase protein arrays; and clinical metadata. There have been a number of studies of genomic alterations across cancer types based on TCGA data [6] [7] [8] . However, few of them have focused on systematically exploring genomic alterations of TP53 and its related interaction networks across a number of different cancer types.
Some therapeutic strategies have been proposed to treat TP53-mutated cancers, such as restoring wild-type activity to; promoting the degradation of; or targeting pathways regulated by mutant p53 [9] . We have suggested a strategy of identifying synthetic lethality gene pairs involving TP53 for the development of a treatment for TP53-mutated cancers [10] . Two genes are synthetic lethal Research Paper www.impactjournals.com/oncotarget (SL) if dysfunction of either alone does not result in cell death, but dysfunction of both does [11] . Thus, the targeted disruption of a gene that is SL for TP53 should selectively kill cancer cells with somatic mutations in TP53, but spare normal TP53-wildtype cells. The large amount of cancer genomic data available in TCGA now enable us to identify potential SL genes for TP53.
In this study we explored genomic alterations of TP53 and its interaction networks by analyzing TCGA data across 33 human cancer types. We analyzed TP53 mutation and gene expression data to identify potential nodes in TP53 interaction networks, and performed survival analyses based on TP53 mutations and expression profiles across the 33 cancer types, respectively. We also identified potential SL genes for TP53 to find molecular targets for personalized therapy of TP53-mutated cancer patients.
RESULTS

TP53 mutations in cancer
We calculated TP53 mutation rates for 33 cancer types (Table 1) . Almost one-third of cancer types have a TP53 mutation rate greater than 50%, and more than one-half have a rate greater than 30%. The two cancer types with the highest TP53 mutation rates affect women: uterine carcino-sarcoma (UCS) (91.2%) and ovarian serous cystadeno-carcinoma (OV) (83%). The other eight cancer types with a TP53 mutation rate that exceeds 50% include four gastro-intestinal cancers: esophageal carcinoma (ESCA), rectal adeno-carcinoma (READ), pancreatic adeno-carcinoma (PAAD) and colon adenocarcinoma (COAD); two lung cancers: lung squamous-cell carcinoma (LUSC) and lung adeno-carcinoma (LUAD); and head-and-neck squamous-cell carcinoma (HNSC) and brain lower-grade glioma (LGG). For each cancer type, we ranked the affected genes in decreasing order of mutation rate (Supplementary Table S1 ). We found that TP53 has the highest mutation rate in six cancer types: UCS, OV, ESCA, LUSC, HNSC and sarcoma (SARC), and the second-highest mutation rate in seven other cancer types: READ, LUAD, LGG, bladder urothelial carcinoma (BLCA), stomach adeno-carcinoma (STAD), liver hepatocellular carcinoma (LIHC), and breast-invasive carcinoma (BRCA). If we exclude the extremely long TTN gene, which has the highest mutation rate in eight cancer types, we find that TP53 has the highest mutation rate in ten cancer types, and is one of the top three genes with the highest mutation rate in 16 cancer types. These data confirm that TP53 is frequently mutated in a wide variety of cancer types.
TP53 has a relatively low mutation rate in some cancer types, such as thymoma (THYM) (3.3%); kidney renal papillary-cell carcinoma (KIRP) (2.5%); kidney renal clear-cell carcinoma (KIRC) (2.4%); testicular germcell tumors (TGCT) (1.4%); thyroid carcinoma (THCA) (0.8%); pheochromocytoma and paraganglioma (PCPG) (0.6%); and uveal melanoma (UVM) (0%). However, most of these cancers are relatively rare. Surprisingly, there are marked differences in the TP53 mutation rates in cancers from the same organ but different cell types, e.g., in KIRP, KIRC, and kidney chromophobe (KICH), with rates of 2.5%, 2.4% and 33.3%, respectively.
TP53 mutations are comprised of eight classes: missense, nonsense, frame-shift deletion, frame-shift insertion, in-frame deletion, in-frame insertion, silent and splice-site. Figure 1 summarizes the proportion of each class of TP53 mutations in all 33 TCGA cancer types. The most frequent classes of TP53 mutations are missense (62%), nonsense (14%) and frame-shift deletions (9%). The proportions of each class of mutations in all of the TP53 mutations in each cancer type are listed in Supplementary Table S2 . In general, nonsense mutations, frame-shift deletions, frame-shift insertions and splice-site mutations are all highly deleterious, and 34.5% of all TP53 mutations fall into one of these classes. In contrast, inframe deletions, in-frame insertions, and silent mutations have comparatively much less deleterious effects, but only 3.5% of all TP53 mutations fall into one of these mutation classes. Since most TP53 missense mutations are deleterious [12] , we can conclude that deleterious or altered-function mutations predominate among TP53 mutations discovered in cancers.
Genes with elevated expression levels in TP53-mutated cancers
Genes that are more highly expressed in TP53-mutated cancers compared to TP53-wildtype cancers
The most important function of p53 is to act as a transcription factor that directly or indirectly regulates thousands of other genes [13] . Upon exposure to stress stimuli such as DNA damage, hypoxia, or oncogene activation, p53 acts as a tumor suppressor by transcriptional repression of oncogenes [14] . Once mutations compromise p53's transcriptional repression function, genes that are usually repressed by it should have elevated expression in TP53-mutated cancers compared to TP53-wildtype cancers or normal tissue. We identified genes potentially repressed by p53 by comparing gene expression levels in cancers with non-silent (functionally significant) TP53 mutations compared to TP53-wildtype cancers in the TCGA datasets. Genes that are highly expressed in TP53-mutated cancers compared to TP53-wildtype cancers were identified in 29 cancer types (four cancer types were excluded from the analysis due to their small numbers of TP53-mutated samples) and are listed in Supplementary Table S3 (fold change > 1.5, false discovery rate (FDR) < 0.05). We call these loci "TP53-MW" genes. www.impactjournals.com/oncotarget There are 48 TP53-MW genes identified in at least 10 different cancer types (Supplementary Table S4) . Two of these genes (CDKN2A and KIF2C) were identified in 13 different cancer types, and 10 genes (DEPDC1, CENPF, CDC20, KIF14, CENPA, NUF2, ANLN, TTK, FAM72D and OIP5) in 12 different cancer types. The expression level of CDKN2A (cyclin-dependent kinase inhibitor 2A) in TP53-mutated cancers is higher than in TP53-wildtype cancers in 13 different cancer types: BLCA, BRCA, LIHC,  LUAD, PAAD, SARC, SKCM, UCEC, COAD, GBM, LGG, STAD, and THYM. The CDKN2A gene encodes two proteins: p16INK4a and p14ARF, which both act as tumor suppressors by regulating the cell cycle [15] . p14ARF has been reported to activate p53 by promoting degradation of the product of the MDM2 proto-oncogene, which targets p53 [15] . Our results indicate that p53 may in turn inhibit CDKN2A such that loss of p53 function results in upregulation of CDKN2A. The expression level of another gene, KIF2C (kinesin family member 2C), is also higher in TP53-mutated cancers than in TP53-wildtype cancers in [16] . A previous study has shown that KIF2C expression is significantly suppressed by p53 in breast cancer cells [17] , a finding consistent with our results from the TCGA datasets (e.g., BRCA).
There are a total of 120 TP53-MW genes that are common to more than one-quarter of the 29 different cancer types (Figure 2 and Supplementary Table S3 ). These 120 genes encode 25 different classes of proteins ( Figure 3 ). Of these, 18% encode nucleic-acid binding proteins, and the remainder encode various cytoskeletal proteins, hydrolases, transferases, receptors, transcription factors, signaling molecules, and enzyme modulators and kinases, indicating that p53 transcriptionally represses genes encoding many different classes of proteins. Eight members of this class of 120 TP53-MW genes encode protein kinases: AURKA, BUB1, BUB1B, CDK1, MELK, NEK2, PLK1 and TTK. The products of these eight genes are of particular interest as targets for the development of small-molecule kinase inhibitors, a strategy adopted by several cancer therapies [18] . Since TP53 mutations are not directly druggable, targeting druggable SL partners of TP53 may be a promising approach to the treatment of TP53-mutated cancers [10] . Network analysis of the gene set made up of TP53 and these eight kinaseencoding genes using IPA (Ingenuity Pathway Analysis) software shows that TP53 directly interacts with all of these genes, confirming the relevance of these identified genes to p53 (Figure 4 ). In fact, previous studies have revealed that all the eight kinase-encoding genes interact with TP53 [19] [20] [21] [22] [23] [24] [25] .
Using the PANTHER Classification System [26] , we categorized the 120 TP53-MW genes into eight molecular function classes: binding (GO:0005488), catalytic activity (GO:0003824), channel regulator activity (GO:0016247), enzyme regulator activity (GO:0030234), nucleic acid binding transcription factor activity (GO:0001071), receptor activity (GO:0004872), structural molecule activity (GO:0005198), and transporter activity (GO:0005215). Most of the TP53-MW gene products are involved in binding and catalytic activity (> 70%), and the others are involved in nucleic-acid binding, transcription factor, receptor, structural molecule, transporter, enzyme regulator, and channel regulator activity (Supplementary Figure S1) . Using Gene Set Enrichment Analysis (GSEA) software [27] , we identified 75 canonical pathways significantly associated with this 120-gene set, as shown in Supplementary Table S5 (FDR < 0.05). Supplementary Table S5 shows that these gene products are significantly involved in p53-related pathways such as cell cycle [28] , p53 signaling, DNA replication [29] , PLK1 signaling [30] , and Aurora A/B signaling [31] . indicates that a gene is more highly expressed in TP53-mutated cancers and the white color indicates that it isn't.
Genes that are more highly expressed in TP53-mutated cancers compared to TP53-wildtype cancers, and also higher in TP53-wildtype cancers than in normal controls Among the genes that are more highly expressed in TP53-mutated cancers than in TP53-wildtype cancers, there is an interesting subset whose expression is also higher in TP53-wildtype cancers than in normal tissue. We call these loci "TP53-MWN" genes. In other words, a TP53-MWN gene's expression level follows this pattern: TP53-mutated cancers > TP53-wildtype cancers > normal controls. Thus a TP53-MWN gene has an elevated expression level in cancers relative to normal tissue, and further has an elevated expression in TP53-mutated cancers than in TP53-wildtype cancers, suggesting that TP53-MWN genes are oncogenic probably by the interaction of their expression products with p53.
To identify TP53-MWN genes, we first identified what we call "TP53-WN" genes, those with a higher expression level in TP53-wildtype cancers than in normal tissue (fold change > 1.5, FDR < 0.05) for 19 cancer types (14 cancer types were excluded from the analysis due to their small numbers or lack of normal samples). TP53-MWN genes are the intersection of the TP53-MW and TP53-WN gene sets (Supplementary Table S6 ). There are 130 TP53-MWN genes that are common to more than onequarter of the 19 different cancer types (Supplementary  Table S7 ). KEGG pathway analysis shows that these gene products are mostly involved in the cell cycle; the p53 signaling pathway; pathways in cancer and mismatch repair; and pathways that are specific for a number of different cancer types such as small-cell lung cancer, prostate cancer, bladder cancer, glioma, pancreatic cancer, melanoma, and chronic myeloid leukemia (FDR < 0.05; Supplementary Table S8) .
Of the 130 TP53-MWN genes, 11 encode protein kinases: AURKA, AURKB, BUB1, BUB1B, CDK1, GSG2, MELK, NEK2, PLK1, PKMYT1 and TTK. In addition to the previously identified eight kinase-encoding TP53-MW genes, TP53-MWN genes include three more kinase genes: AURKB, GSG2, and PKMYT1, genes whose interactions with TP53 have already been documented [32] [33] [34] . Of these 11 kinase genes, TTK follows the TP53-MWN expression pattern in nine different cancer types: BLCA, BRCA, KIRC, KIRP, LIHC, LUAD, PRAD, STAD, and UCEC ( Figure 5 ). TTK encodes a serine/threonine kinase that has been implicated in the regulation of centrosome duplication and mitotic checkpoint response, and plays a role in the stabilization and activation of p53 during spindle disruption [23] (Figure 4 ). Our results indicate that p53 may in turn inhibit TTK by a negative feedback loop, since TP53 mutations seem to cause the elevated expression of TTK.
Genes that are more highly expressed in TP53-mutated cancers compared to normal tissue
We also identified genes that are more highly expressed in TP53-mutated cancers compared to normal tissue, but that are not more highly expressed in TP53-wildtype cancers compared to normal tissue. We call these loci "TP53-MSN" genes. We are interested in these genes because the mechanism underlying the elevated expression of TP53-MSN genes could be specifically related to TP53 mutations. To identify TP53-MSN genes, we first identified genes with higher expression levels in TP53-mutated cancers than in normal tissue (fold change > 1.5, FDR < 0.05; we call these loci "TP53-MN" genes), and then identified genes with higher expression levels in TP53-wildtype cancers than in normal tissue (fold change > 1.2, FDR < 0.05; we call these loci "TP53-WN2" genes which obviously include the TP53-WN genes). TP53-MSN genes were obtained by subtraction of TP53-WN2 genes from the TP53-MN gene list (Supplementary Table S9 ). There are 27 TP53-MSN genes that are common to more than one-quarter of the 19 different cancer types (Supplementary Table S10 ). They encode a wide variety of proteins (Supplementary Figure S2) , although more than 50% of them encode nucleic-acid binding proteins; transcription factors; and signaling or cell-adhesion molecules. Network analysis using STRING [35] shows that TP53 inhibits FOSL1, SPHK1, ICAM5, and MSLN. In addition, our results suggest that TP53 may also inhibit other TP53-MSN genes, and that TP53 mutations may contribute to their elevated expression in a number of different cancer types.
Correlation of TP53 mutation rate with clinical phenotypes
We compared the TP53 mutation rates among different clinical phenotypes of cancer patients including gender, race, tumor stage, size or direct extent of the primary tumor (T), lymph nodes (N), and metastasis (M) in 18 cancer types: ACC, BLCA, BRCA, CESC, CHOL, COAD, DLBC, ESCA, GBM, HNSC, KICH, KIRC, KIRP, LAML, LGG, LIHC, LUAD, and LUSC (Supplementary Table S11 ). We selected these clinical phenotypes and cancer types because there are relatively complete records of these clinical phenotypes in these 18 cancer types in the TCGA datasets. In DLBC the TP53 mutation rate is lower in male than female subjects (unadjusted P-value = 0.05, odds ratio = 0), while in LIHC the rate is higher in male than female subjects (unadjusted P-value = 0.0007, odds ratio = 2.4). The other cancer types show no significant differences in TP53 mutation rates between male and female subjects. For the race phenotype, only HNSC shows a significantly higher TP53 mutation rate in African-American than in White-American subjects (unadjusted P-value = 0.03, odds ratio = 2.48). We did not find significant differences in the TP53 mutation rates among different stages, T, N, or M status of tumor except that ACC shows a significantly higher TP53 mutation rate in large-size cancers (T3, T4) than small-size cancers (T1, T2) (unadjusted P-value = 0.04, odds ratio = 3.42). Since the phenotypes tumor stage, T, N, and M reflect the development or progress status of tumors, our results indicate that TP53 mutations are probably early events in tumorigenesis and drive its progression. This conclusion agrees with previous studies [36, 37] .
TP53 mutations are associated with worse cancer outcome prognoses
We compared the overall survival (OS) time between TP53-mutated and TP53-wildtype cancers in 20 cancer line an indirect interaction; an arrow pointing from A to B indicates that A causes B to be activated, which includes any direct interaction, e.g., binding, phosphorylation, modification, etc.; an arrow ending with " " pointing from A to B indicates that A causes B to be either activated or inhibited. types (13 cancer types were excluded from the analysis due to very few samples having both TP53 mutation and survival data). Kaplan-Meier survival curves ( Figure 6 ) show that patients with TP53 mutations have significantly worse OS prognoses compared with those without TP53 mutations in seven cancer types: ACC, COAD, HNSC, KIRC, LAML, LUAD, and PAAD; however, they have better OS prognoses in GBM (log-rank test, unadjusted P-value < 0.05). We also compared the disease-free survival (DFS) time between TP53-mutated and TP53-wildtype cancers in 18 cancer types (15 cancer types were excluded due to very few samples having both TP53 mutation and recurrence data). Kaplan-Meier survival curves ( Figure 6 ) show that patients with TP53 mutations have significantly worse DFS prognoses compared with those without TP53 mutations in three cancer types: ACC, PAAD, and UCEC (log-rank test, unadjusted P-value < 0.05). These results confirm that TP53 mutations lead to poor clinical outcomes in a number of cancers [38] [39] [40] .
TP53 gene expression in cancer
Identification of genes whose expression correlates with TP53 expression in cancer
We identified genes whose expression significantly correlates with TP53 expression in 21 cancer types with normal controls (Pearson product-moment correlation, . www.impactjournals.com/oncotarget FDR < 0.05). Supplementary Tables S12 and S13 list genes whose expression positively or negatively correlates with TP53 expression, respectively. Here we call loci whose expression levels positively or negatively correlate with TP53 expression levels as "TP53-PCOR" or "TP53-NCOR" genes, respectively. There are 61 TP53-PCOR and 2 TP53-NCOR genes identified in at least 10 of the 21 cancer types examined (Supplementary Tables S12, S13 ). Network analysis of the 61 TP53-PCOR genes by STRING [35] shows that TP53 directly interacts with GPS2, NCOR1, SENP3, KDM6B, EIF5A, EEF2, MAP2K4, CHD3 and COPS3, and indirectly interacts with a number of other genes via the hub nodes KDM6B and EEF2 (Figure 7) . Gene set enrichment analysis (GSEA) shows that 44 of the 61 TP53-PCOR genes are located in the cytogenetic band (chr17p13) where TP53 is also located (FDR = 5.57*10 -80 ), and that 9 others are located in cytogenetic band chr17p11 (FDR = 5.7*10 −9
). Thus, a total of 53 (or 87% of) TP53-PCOR genes are located in cytogenetic bands chr17p13,11 (Supplementary Table S14 ). In contrast, GSEA of 56 TP53-NCOR genes identified in at least one third of the 21 cancer types shows that except for four TP53-NCOR genes (YPEL5, EPT1, LCLAT1, and CLIP4) located in cytogenetic band chr2p23 (FDR = 0.003) and four (MAGEA6, MAGEA12, MAGEA2, and CSAG1) located in cytogenetic band chrxq28 (FDR = 0.015), no significant number of TP53-NCOR genes cluster in a cytogenetic band. This analysis reveals that in cancers, genes positively co-expressed with TP53 mainly cluster near the TP53 locus, while genes negatively co-expressed with TP53 are sparsely distributed over the genome, and can be found at locations that are very distant from TP53.
Differential expression of TP53 among TP53-mutated cancers, TP53-wildtype cancers and normal tissue
We compared TP53 expression among TP53-mutated cancers, TP53-wildtype cancers and normal tissue, and identified cancers with significantly different expression of TP53 (P-value < 0.05). Table 2 shows that in 14 of 29 cancer types analyzed, TP53 expression is significantly lower in TP53-mutated compared to TP53-wildtype cancers. It makes sense that some TP53 mutations compromise p53 tumor suppressor function by reducing TP53 expression. However, TP53 expression is higher in TP53-mutated cancers than in normal tissue in some cancer types: GBM, KIRP and LUSC; whereas it is lower in some others such as LIHC, HNSC, KICH and PAAD. The explanation for these results could be that some TP53 mutations result in overexpression of mutant forms of TP53 while other mutations simply inactivate TP53 [12] . In 19 TCGA cancer types with at least four normal control samples we found that TP53 expression differed significantly between TP53-wildtype cancers and normal tissue in 11 cancer types. Interestingly, 10 of these 11 cancer types show elevated expression of TP53 in their TP53-wildtype subtype compared to normal controls. These results confirm that TP53 accumulation occurs in a number of cancers [41] [42] [43] , and indicates that this accumulation is independent of TP53 mutations. We then divided TP53 mutations into truncating and non-truncating classes to observe their respective effects on TP53 expression. Truncating mutations include nonsense, frame-shift deletion, frame-shift insertion and splice-site, while non-truncating mutations include missense, in-frame deletion, and in-frame insertion (silent mutations were excluded from these analyses due to their minor effect on gene function). As expected, in 23 of 29 cancer types analyzed, TP53 expression is significantly lower in TP53-truncated cancers than in other TP53-mutated cancers, and in the other six cancer types TP53 expression does not significantly differ between them (P-value < 0.05, Supplementary Table S15). In 24 of the 29 cancer types, TP53 expression is significantly lower in TP53-truncated cancers than in TP53-wildtype cancers, and in the other five cancer types TP53 expression does not differ significantly between them (P-value < 0.05, Supplementary Table S16). In 14 of the 15 cancer types with both TP53-truncated cancers and normal samples to compare, TP53 expression is significantly lower in TP53-truncated cancers than in normal tissue, and in one cancer type TP53 expression does not differ significantly between them (P-value < 0.05, Supplementary Table S17). These results confirm that TP53-truncating mutations result in decreased TP53 expression most likely by causing TP53 mRNA decay [44, 45] .
In contrast, TP53 non-truncating mutations may result in increased TP53 expression. Indeed, in nine of 31 cancer types analyzed, TP53 expression is significantly higher in TP53-mutated but TP53-non-truncating cancers than in TP53-wildtype cancers, and only in one cancer type is TP53 expression significantly lower in TP53-mutated but TP53-non-truncating cancers (P-value < 0.05, Supplementary Table S18). Also, in 11 of the 15 cancer types, TP53 expression is significantly higher in TP53-mutated but TP53-non-truncating cancers than in normal tissue, and in the other four cancer types TP53 expression does not differ significantly between them (P-value < 0.05, Supplementary Table S19 ). Interestingly, in eight cancer types (BRCA, LUSC, ESCA, SARC, OV, ACC, READ, 
Association between TP53 gene expression levels and cancer prognosis
We compared OS and DFS between TP53 higherexpression-level and TP53 lower-expression-level cancers in 25 cancer types (eight cancer types were excluded from the analysis due to very few samples having both TP53 expression and survival data). Kaplan-Meier survival curves ( Figure 8 ) show that patients with higher expression levels of TP53 have significantly worse OS prognoses than those with lower expression levels of TP53 in four cancer types (KIRC, KIRP, OV and UCS), but have better OS prognoses in STAD (log-rank test, unadjusted P-value < 0.05). Patients with higher expression levels of TP53 have significantly worse DFS prognoses than those with lower expression levels of TP53 in two cancer types (UCS and OV), but have better DFS prognoses in HNSC (log-rank test, unadjusted P-value < 0.05). In the four cancer types (KIRC, KIRP, OV and UCS) in which higher expression levels of TP53 are associated with significantly worse OS or DFS prognoses, TP53 only shows significantly different expression in TP53-wildtype cancers (where it is higher) compared to TP53-mutated cancers in KIRK. Since TP53-mutated KIRCs have a worse OS prognosis than TP53-wildtype KIRCs (Figure 6 ), TP53 lower-expressionlevel KIRCs should have a worse OS prognosis than TP53 higher-expression-level KIRCs if the association between TP53 expression and cancer prognosis correlates with TP53 mutation status. Therefore, the association between TP53 expression and cancer prognosis is unlikely to correlate with TP53 mutation status in KIRC, KIRP, OV and UCS. However, in STAD and HNSC, where patients with higher expression levels of TP53 have better OS or DFS prognoses than those with lower expression levels of TP53 (Figure 8) , the association could be confounded by TP53 mutation status since TP53 shows significantly higher expression levels in TP53-wildtype cancers compared to TP53-mutated cancers in STAD and HNSC (Table 2) , and TP53-wildtype cancers have better OS or DFS prognoses than TP53-mutated cancers in a number of cancer types including HNSC (Figure 6 ). In fact, when we compared OS and DFS prognoses between TP53 higher-expressionlevel and TP53 lower-expression-level TP53-wildtype cancers, we found no significant association between TP53 expression and cancer prognoses in either of these two cancer types. Thus, these results confirm that TP53 accumulation leads to poor clinical outcomes in cancer. This is in line with the results of previous studies [42, 46] .
We then examined the effects of both TP53 mutation and expression status on patient survival (log-rank test, unadjusted P-value < 0.05). We found that TP53-mutated cancer patients with higher expression levels of TP53 have significantly worse OS prognoses than TP53-mutated cancer patients with lower expression levels of TP53 in ACC and UCS, and that the former category also have significantly worse DFS prognoses than the latter category in UCS. We also found that TP53-wildtype cancer patients with higher expression levels of TP53 also have significantly worse OS prognoses than TP53-wildtype cancer patients with lower expression levels of TP53 in KIRC, and that the former category also have significantly worse DFS prognoses than the latter category in BRCA. It was only in GBM that TP53-wildtype cancer patients with higher expression levels of TP53 have significantly better DFS prognoses than TP53-wildtype cancer patients with lower expression levels of TP53. These results again indicate that elevated TP53 expression is frequently associated with poor clinical outcomes in cancer.
Identify potential SL genes for TP53
The identification of druggable SL gene partners for TP53 may be an important approach to the treatment of TP53-mutated cancers, as mutant p53 is not directly druggable. To identify potential SL genes for TP53 we hypothesize that TP53 SL partners (oncogenes) are hyper-activated in TP53-mutated cancers compared to both TP53-wildtype cancers and normal tissue, as TP53-mutated cancer cells have to rely more heavily on TP53's SL partners for survival than TP53-wildtype cancer cells or normal cells. We first examined the intersection of the TP53-MW and TP53-MSN gene lists for each of the relevant 19 cancer types described earlier (Supplementary Table S20 ; 14 cancer types were excluded from the analysis due to their small numbers or lack of normal samples). There are 1,863 such genes identified in at least one cancer type. Among the 1,863 potential SL genes for TP53, we are particularly interested in kinase-encoding genes because kinase inhibitors have been intensively investigated, and are a key class of anticancer drugs in clinical use or trials [18] . Table 3 lists 43 kinase-encoding genes in the 1,863 gene list. These kinase genes are mainly involved in p53 and cancer-related pathways: e.g., pathways in cancer, cell cycle, ERK signaling, MAPK signaling, TGF-β signaling, EGFR signaling, ErbB signaling, RAS signaling, axon guidance, focal adhesion, and the immune system. Table 3 shows that most of these kinases have clinically approved or investigational inhibitors or agonists. Among these kinase-encoding genes, CDK6 (cyclin-dependent kinase 6) has been validated as an SL partner with TP53 in a previous study [47] ; and EPHB2 MST1R, NEK2, PAK6, PLK1, SPHK1, STK31, STYK1 and UCK2 have been predicted to be SL with TP53 in a computational biology study [10] .
To further validate these potential TP53 SL partners, we examined data from the Cancer Cell Line Project (http://www.cancerrxgene.org/). In a recent study [48] , Iorio et al. identified a number of molecular markers of drug sensitivity using 265 compounds and pharmacogenomic screens in cancer cell lines. They found that TP53-mutated HNSCs are sensitive to the Rac GTPases inhibitor EHT 1864. Among the potential TP53 SL partners in HNSC (Supplementary Table S20 ), we found that PARVB and ARHGEF25 are associated with the activity of Rac GTPases. This demonstrates that PARVB and ARHGEF25 have synthetic lethality relationships with TP53 in HNSC. In addition, Iorio et al. found that TP53-mutated cancers are sensitive to the compounds Doxorubicin, Gemcitabine, Paclitaxel, Etoposide and 5-Fluorouracil. The targets of these compounds have been predicted to be TP53's SL partners in this analysis, e.g., the genes CYP2D6, NQO1, XDH, ABCC1, ABCC2, ABCC6, SLC22A16, CIT, SLC28A3, MAP4, UGT1A1, DPYD and UPP1 (Supplementary Table S20 ).
Moreover, we compared IC50 (drug concentration that reduces viability by 50%) values between TP53-mutated and TP53-wildtype cancer cell lines for each of the 265 compounds mentioned above. We found that BI-2536, GW843682X, Epothilone B, Afatinib and Gefitinib have significantly lower IC50 values in TP53-mutated cancer cell lines than in TP53-wildtype cancer cell lines (P-value < 0.05, FDR < 0.2, Supplementary Table S21 ). This indicates that TP53-mutated cancer cell lines are more sensitive to these compounds than TP53-wildtype cancer cell lines. The higher sensitivity of TP53-mutated cancer cell lines to these compounds could be attributed to the SL interactions between the targets of these compounds and TP53. Actually, the compounds' targets such as PLK1 and EGFR have been identified to be SL with TP53 by this method. Table 4 lists potential TP53's SL partners that have supporting evidence provided by the Cancer Cell Line Project.
DISCUSSION
In our study we performed extensive analyses of TP53 mutation, gene expression, and clinical data from 33 [49] . In the present study, we identified potential TP53 SL partners based on the hypothesis that they should be overexpressed in TP53-mutated cancers compared to both TP53-wildtype cancers and normal tissue. Moreover, we validated some of the SL interactions by exploring the pharmacogenomic data from the Cancer Cell Line Project. One interesting finding is that 
MATERIALS AND METHODS
Materials
We downloaded RNA-Seq gene expression data (Level 3), gene somatic mutation data (Level 2), and clinical data for all of the 33 cancer types for which data are available from the TCGA data portal (https://gdcportal.nci.nih.gov/). For survival analyses we used clinical data from FireBrowse (http://gdac.broadinstitute.org/). We obtained pharmacogenomic data from the Cancer Cell Line Project (http://www.cancerrxgene.org/). The pharmacogenomic data cover 265 screened compounds and their targets, and include cancer cell lines' drug response, drug sensitivity, and somatic mutation data.
Class comparison to identify differentiallyexpressed genes
We normalized TCGA RNA-Seq gene expression data by base-2 log transformation. We identified differentially expressed genes between two classes of samples using Student's t test. To adjust for multiple tests, we calculated adjusted P-values (FDR) for t test P-values. The FDR was estimated using the method of Benjami and Hochberg [50] . We used the threshold of FDR < 0.05 and mean gene-expression fold-change > 1.5 to identify the differentially expressed genes. In comparisons of TP53 expression, we used the threshold of P-value < 0.05.
Comparison of the TP53 mutation rates among different clinical phenotypes
We compared the TP53 mutation rates among different clinical phenotypes of cancer patients using Fisher's Exact Test. Each phenotype was divided into two classes: gender (male vs. female); race (African-American vs. White-American); tumor stage (early stage (Stage I-II) vs. late stage (Stage III-IV)); tumor size (T) (small size (T1-2) vs. large size (T3-4)); lymph nodes (N) (without regional lymph nodes (N0) vs. with lymph nodes (N1-3); metastasis (M) (no metastasis (M0) vs. metastasis (M1)).
A threshold of P-value < 0.05 was used to evaluate the significance of differences in the TP53 mutation rates between two classes of phenotypes.
Expression correlation analysis
We identified genes whose expression significantly correlates with TP53 expression in cancers, but does not correlate with TP53 expression in normal tissue, by Pearson product-moment correlation analysis. Again, the FDR was used to adjust the P-value by the method of Benjami and Hochberg [50] . A threshold of FDR < 0.05 was used to evaluate the significance of expression correlations.
Gene-set enrichment analysis
We categorized the sets of genes we identified into different molecular function classes or protein classes by the PANTHER Classification System [26] . We performed pathway analysis of the gene sets using KEGG (www. genome.jp/kegg/), REACTOME (www.reactome.org/) and the GSEA tool (http://software.broadinstitute.org/ gsea/msigdb/). We carried out network analysis of gene sets using the Ingenuity Pathway Analysis tool (IPA, Ingenuity ® Systems, www.ingenuity.com) and STRING [35] .
Survival analyses
We performed survival analyses of TCGA patients based on TP53 mutation data and TP53 gene expression data, respectively. Kaplan-Meier survival curves were used to show the survival (overall survival or diseasefree survival) differences between TP53-mutated cancer patients and TP53-wildtype cancer patients, and between TP53 higher-expression-level patients and TP53 lower-expression-level patients. TP53 higherexpression-level and lower-expression-level patients were determined by the median values of TP53 expression. If the TP53 expression level in a patient was higher than the median value, the patient was classified as TP53 higher-expression-level; otherwise as TP53 lowerexpression-level. We used the log-rank test to calculate the significance of survival-time differences between two classes of patients with a threshold of P-value < 0.05.
Identification of potential SL genes for TP53
We first identified the set of genes whose expression is significantly higher in TP53-mutated cancers than in TP53-wildtype cancers (Student's t test, FDR < 0.05, fold change > 1.5), and then identified the set of genes whose expression is significantly higher in TP53-mutated cancers than in normal tissue (Student's t test, FDR < 0.05, fold change > 1.5), but not significantly higher in TP53-wildtype cancers than in normal tissue (Student's t test, FDR < 0.05, fold change > 1.2). We identified potential SL genes for TP53 from the intersection of these two gene sets. To identify genes whose elevated expression is specifically related to TP53-mutated cancers, we believe that it is necessary to exclude as many genes as possible whose expression is significantly higher in TP53-wildtype cancers than in normal tissue. Therefore, we used a lower fold-change threshold of > 1.2 instead of > 1.5.
Comparison of drug sensitivity between TP53-mutated and TP53-wildtype cancer cell lines
We compared IC50 values between TP53-mutated and TP53-wildtype cancer cell lines for compounds using Student's t test. We identified the compounds to which TP53-mutated and TP53-wildtype cancer cell lines have significantly different IC50 values using a threshold of P-value < 0.05.
